INTRODUCTION
A key to effective management of malaria is prompt and accurate diagnosis. The global impact of malaria has spurred interest in developing diagnostic strategies that will be effective not only in resource-limited areas, where malaria has a substantial burden on society, but also in developed countries, where expertise in malaria diagnosis is often lacking (7, 78) . Accurate diagnosis of malaria is necessary to prevent morbidity and mortality while avoiding the unnecessary use of antimalarial agents. New rapid diagnostic techniques have been developed and evaluated widely in recent years, but the rapid introduction, withdrawal, and modification of commercially available products, variable quality control in manufacturing, and potential decrements in test performance related to the stability of stored test kits have rendered these reviews largely obsolete (54, 62, 66) .
Characteristics required of a rapid malaria diagnostic test (MRDT) vary based on regional malaria epidemiology and the goals of a malaria control program (6) . The critical characteristics needed for a diagnostic method in order to reduce mortality from malaria in sub-Saharan Africa include high sensitivity for detecting Plasmodium falciparum and rapid availability of test results. However, overdiagnosis, i.e., test performance characterized by a poor positive predictive value, can produce overestimates of malaria morbidity, inflate treatment costs, create misperceptions of therapeutic failures when fever is due to other illnesses, lead to avoidable drug-related adverse events, and contribute to unnecessary drug pressure, thereby enhancing selection for drug resistance. In contrast, in low-incidence environments where the pretest probability of malaria is low, high specificity and high sensitivity for detection of non-P. falciparum Plasmodium species assume greater importance, and a repeat testing paradigm may be practical. Regardless of the setting, MRDTs should require minimal operator training and yield highly reproducible test interpretations. The results of the test should be rapidly available while the physician is actively managing patients, typically in less than 1 hour. The ideal test should be able to detect a response to therapy, including detection of recrudescence or relapse. The stability of MRDT components should be such that refrigeration and a cold chain are not needed (110) . Storage shelf life should be of sufficiently long duration that the logistical burden of resupply is minimized.
TRADITIONAL MALARIA DIAGNOSIS
Historical strategies to diagnose malaria range from basic empirical clinical diagnostic algorithms to examination of stained blood smears by light microscopy. Although empirical clinical diagnosis remains the most common method to diagnose malaria in many regions, the accuracy of this strategy is poor, even in countries of endemicity with high malaria incidence rates. The symptom complex of malaria overlaps with those of many other tropical diseases, and coinfections can occur (9, 14, 34, 51, 73, 83, 112) . In high-transmission areas of sub-Saharan Africa, the distinction between the clinical disease of malaria and malaria parasitemia is especially difficult. Persons may present with a wide variety of other fever-inducing diseases accompanied by a parasitemia that is not related to the presenting symptoms (101) . In such settings, no testing paradigm currently exists to actually confirm that a given illness is caused by malaria parasitemia. For decades, the wide availability, safety, effectiveness, and minimal cost of chloroquine for the treatment of all malaria cases made the routine empirical use of the drug accepted throughout the world. With the emergence of chloroquine-resistant P. falciparum malaria, the empirical use of chloroquine to treat suspected malaria is no longer safe. The introduction of artemisinin combination therapies (ACTs) in Thailand in the mid-1990s and the adoption of ACTs as first-line treatment by most African countries by the early 2000s have changed the cost-benefit ratio of empirical treatment of fever. The much higher cost of ACTs makes a specific diagnosis of malaria more cost-effective and demands a more accurate diagnostic paradigm.
Microscopic examination of stained blood smears remains the "gold standard" for detection of malaria parasitemia. The sensitivity of this method can be excellent, with detection of malaria parasite densities as low as 5 to 10 parasites/l of blood (approximately 0.0001% parasitemia) ( Table 1) (62) . Microscopy permits determination of the infecting species as well as the stage of the circulating parasites. In addition, circulating parasite density can be determined, which may aid in prognosis, and serial examinations can monitor the parasitological response to chemotherapy. Examining an individual sample is relatively inexpensive, but this cost may not incorporate the health care system's cost of equipment and training. The microscope can also be used for other diagnoses, such as tuberculosis and sexually transmitted diseases, affording additional economies. Finally, malaria smears provide a permanent record for quality assessment of the microscopy diagnosis. Despite these strengths, microscopy possesses a number of limitations (4, 19, 25, 42, 43, 45, 56, 72, 97, 113, 114) . The procedure is labor-intensive and time-consuming. Variability in stains and in techniques used to collect and process blood affects slide interpretation (61, 107) . Importantly, accurate microscopic diagnosis is a skill still learned with extended training and experience, whether in countries where malaria is endemic or in countries with imported malaria. An individual microscopist's interpretative expertise can diminish over time. Routine clinical microscopy cannot reliably detect very low parasitemias (Ͻ5 to 10 parasites/l) or sequestered parasites. Examination of serially obtained smears helps to overcome the challenges posed by parasite sequestration and initially low parasite densities (Table 1) (35) . Microscopy diagnostic errors are noted more commonly for low-density parasitemias (10 to 100 parasites/l of blood), but errors of quantification also occur with densities of Ͼ5,000/l and especially Ͼ20,000/l of blood (45) . In addition, mixed infections are often missed, especially when P. malariae or P. ovale parasites are present, as their densities are often low in comparison to that of P. falciparum (45) . Finally, even when the test is ordered, clinicians may choose not to wait for the test results or may lack confidence in the test result and treat the patient despite negative microscopy (34, 78) . These problems are exacerbated in regions where malaria is not endemic, as malaria microscopy is performed infrequently. Illustrating this problem, a study of 100 patients in Canada conducted by Kain et al. reported that diagnosis at presentation was missed in 59% of malaria cases and the infecting species was identified incorrectly 64% of the time, resulting in therapeutic delays of 5.1 to 7.6 days (43). Many of these errors were associated with infections with P. vivax.
ALTERNATIVE MALARIA DIAGNOSIS
In recent years, new technological methods have been evaluated as alternatives to microscopy. These methods have included malaria antigen detection using tagged monoclonal antibodies, fluorescence microscopy, flow cytometry, automated analysis of blood cells, quantitative buffy coat inspection, acridine orange staining, serology-antibody detection, molecular amplification methods, and laser desorption mass spectrometry (1, 17, 21, 24, 31, 40, 62, 68, 82, 95) . Remote microscopic diagnosis via telemedicine has also been evaluated, but imaging quality and infrastructure requirements pose challenges (67) . These methods have various strengths and weaknesses but, overall, are limited by the need for specialized equipment, continuing supplies, operator expertise, cost, assay run time, applicability in the setting of acute infection, and/or availability.
MRDTs utilizing immunochromatographic lateral-flow-strip technology were introduced in the early 1990s. Immunochromatographic technology remains the common basis for all practical MRDTs under consideration at this time. From their introduction, these products suffered from rapid introduction, withdrawal, and modification by their manufacturers, inconsistency in manufacturing standards, quality control problems, and variable product stability (55, 62, 66, 86) . The Special Programme for Research and Training in Tropical Diseases recently published principles for the development and evaluation of diagnostic tests for infectious diseases (3) . The goals of this organization encompass the development of standards and guidelines to assist diagnostic assay development and manu- facture, regulatory approval processes, and policy development to support public health programs.
REQUIREMENTS FOR MRDTS
Immunochromatographic MRDTs represent an evolving technology that can be applicable in a spectrum of settings extending from diagnosis of imported malaria in tertiary hospitals in regions where malaria is not endemic to remote health care clinics without clinical laboratories. However, different test requirements for an MRDT product might be necessary based upon the epidemiological setting where the product will be introduced. These settings can be classified into the following three categories: sub-Saharan Africa, other areas of malaria endemicity, and areas where the disease is not endemic (traveler's malaria) ( Table 2 ). Specific factors that need to be considered in introducing an MRDT can be broken down broadly into performance characteristics, operational characteristics, and cost (6, 108) .
Performance characteristics include the ability (or its absence) to distinguish between malaria species; the sensitivity and specificity for detection of each of those species; the parasitemic or antigenemic concentration threshold at which the test is able to identify its targets (lower limit of detection); and the ability to identify mixed infections. For patients with positive test results, the time to parasite antigen clearance after parasites are removed is important to the determination of whether the test may be used to monitor therapy. The ability of the test to distinguish between species is important primarily in regions with high incidences of relapsing malarias because these infections would warrant initial selection of additional drugs for treatment. The World Health Organization (WHO) has recommended a minimal standard of 95% sensitivity for P. falciparum densities of 100/l and a specificity of 95% (Table   1 ) (6, 111) . Furthermore, if posttreatment monitoring of patients is a requirement and microscopy is unavailable, an MRDT should revert to a negative result within a few days after clearance of viable parasites to permit monitoring of the response to therapy.
Operational characteristics to be considered include the technical simplicity of the test, training requirements, ease of interpretation, reproducibility of results, user acceptability of the test, and absence of any need for electricity to operate the assay. The time required to perform and interpret the test is also important if the results are to be available to the physician during the clinical encounter. Rapid availability of results allows directed instead of empirical therapy. The product's storage requirements and the stability of the test during storage, ideally under ambient temperature/humidity conditions, are important (111) . Finally, the cost of assay deployment and use is important in most regions of malaria endemicity in the world.
MRDT TECHNOLOGY
Current MRDTs employ lateral-flow immunochromatographic technology. This technology has been employed for a variety of other diagnostic assays, including pregnancy tests. In these assays, the clinical sample migrates as a liquid across the surface of a nitrocellulose membrane by means of capillary action ( Fig. 1) (6, 108) . For a targeted parasite antigen, two sets of antibodies, a capture antibody and a detection antibody, are used. Either of these antibodies can be monoclonal or polyclonal. Monoclonal antibodies can be very specific but less sensitive, while polyclonal antibodies can be more sensitive but less specific. Also, the source of antigen used to induce the MRDT antibodies (purified native protein, recombinant proteins, or peptides) can make significant differences in the per- a All regions share a need for tests to be rapid (Ͻ20 min); easy to use, with minimal training requirements and minimal steps and reagents; reproducible, with quality manufacturing; and able to detect parasite densities of Ͻ100 parasites/l.
b ICH, International Conference on Harmonization; GMP, good manufacturing practices; CLIA, clinical laboratory improvement amendments.
formance characteristics of the final assay. Even monoclonal antibodies directed against the same antigen, if they target different epitopes of that antigen, may exhibit quite different sensitivities and specificities (48) . The capture antibodies are sprayed as a stripe by machine onto the nitrocellulose membrane and bind to the membrane in an immobile phase. These fixed antibodies serve to extract and bind parasite antigen from the migrating liquid sample. The second set of antibodies is conjugated to an indicator, typically gold particles, in a mobile phase. These antibody-indicator complexes bind to the parasite antigen that has been captured by the immobile antibody on the membrane, producing a visible line if the targeted antigen is present in the clinical sample. The characteristics of the malaria antigen target and the detection antibodies are paramount to understanding the assay performance. Malaria antigens currently used as diagnostic targets are either specific to a Plasmodium species or conserved across the human malarias. P. falciparum-specific monoclonal antibodies have been developed for histidine-rich protein 2 (HRP-2) and P. falciparum lactate dehydrogenase, while P. vivax-specific monoclonal antibodies have undergone limited evaluation (3, 6, 27) . Targets conserved across all human malarias (pan-Plasmodium antigens) have been identified on Plasmodium lactate dehydrogenase (PLDH) and aldolase enzymes (11, 27, 52, 53) .
The first antigen used in a commercial assay was HRP-2, a water-soluble protein unique to Plasmodium falciparum, which is localized in the parasite cytoplasm and on the parasitized erythrocyte membrane (37, 86) . The HRP-2 concentration increases as the parasite develops from the ring stage to the late trophozoite. This antigen readily diffuses into the plasma (37, 80) . It is found predominantly in the asexual stages but is also found in young P. falciparum gametocytes (36, 104) . It can be detected at lower levels of parasitemia than the panmalarial antigens such as aldolase (28, 79) . Many different monoclonal antibodies, both immunoglobulin G (IgG) and IgM, have been raised against this antigen and have been employed on different MRDTs. Variants that escape monoclonal recognition have been identified now and may be responsible for falsenegative tests (2, 48) . In an assessment of HRP-2 in parasites obtained from 19 countries, an extensive level of diversity of HRP-2 sequences was observed, prompting a prediction that only 84% of P. falciparum infections with low parasite densities (Ͻ250/l) could be detected in the Asia-Pacific region (48) .
Parasite enzymes comprise the other primary antigen diagnostic targets. PLDH, the terminal enzyme in the malaria parasite's glycolytic pathway, is also an antigen target for detection of sexual and asexual malaria parasites. Monoclonal antibodies have now been developed that can target a conserved element of PLDH on all human malaria species (panmalarial) or specific regions unique to P. falciparum or P. vivax (53) . Aldolase, a key enzyme in the glycosis pathway in malaria parasites, is also well conserved across all human-specific species of Plasmodium and is used as a panmalarial antigen target (32, 49) . Other antigens have been recognized as possible components of future diagnostic tests, but no evaluations of P. ovale-or P. malariae-specific antigens have been published (27, 69, 98) .
CHALLENGES IN ASSESSING THE PERFORMANCE OF MRDTs
Although a large number of studies assessing MRDTs have been published, many of these studies are characterized by numerous flaws that limit their reproducibility or broader applicability of their results (Table 3 ). These problems led to the introduction of guidelines outlined by the WHO to assess the utility of RDTs (6, 111) . Limited analytical evaluations of MRDTs, conducted by testing the assays against panels of malaria parasite-infected blood samples, may be available from manufacturers. If laboratory-based studies use cultured parasites, qualitative results of antigen activity may be useful, but quantitative results will not reflect the pathophysiological conditions of total parasite biomass sequestration in the host and the stage of parasite in the patient. Laboratory-based studies also do not reproduce the complexities and physical stresses to which a diagnostic test is subjected under field conditions. Unfortunately, peer-reviewed articles reporting independent evaluations do not exist for most commercially available MRDTs today (www.wpro.who.int/sites/rdt/documents).
Published studies assessing the utility of MRDTs are typically hospital laboratory-based studies, field evaluations of assay performance characteristics, or field effectiveness studies. Errors associated with field trial-based study design include extrapolation of results from a specific study population to all other populations, inadequate reference comparator method validation or blinding, absence of rigorous standardization or validation when microscopy is used as the comparator, failure to control exogenous factors affecting assay performance, and deficient or absent quality assurance. The epidemiology of malaria in the study population can influence the results of field trials (8, 100) . Semi-immune individuals may develop symptoms of clinical malaria at higher parasite densities than nonimmune individuals. Parasite density is associated with antigenemia, so the apparent sensitivity of the test may vary when it is used for symptomatic persons with differing levels of immunity. This problem can be mitigated by stratifying calculations of sensitivity according to measured parasite densities. Even this precaution has limitations, particularly when applied to blood samples containing P. falciparum. Due to the effect of sequestration of blood-stage falciparum parasites, observed parasitemia may not directly correlate with parasite antigen or biomass (20, 23) . In addition, parasite prevalence in the com- munity affects the positive and negative predictive values of the test. Prior therapy and effectiveness of therapy vary between patients and can affect trial results because some antigens persist in blood for weeks after therapy, while others clear within a few days (38, 100) . Polymorphisms in the target antigen(s) from the parasite can also influence the results obtained from the MRDT (2, 41, 49) . Also, antigen production can vary between stages of the parasite life cycle and among parasite strains, and circulating gametocytes may produce the target antigen, even after therapy that has eradicated the asexual blood-stage parasites (23, 104) . Patient comorbidities may also influence the results, as rheumatoid factor heterophilic antibodies can result in false-positive results for some patients (20, 63) .
Clinical history from study subjects should be elicited, as pretreatment with antimalarials impacts parasitemia but may be associated with lingering antigen. Aldolase and PLDH are rapidly cleared after effective therapy, while HRP-2 antigenemia may persist for longer than a month. All current antigen assays may revert to positive if gametocytes subsequently appear in the bloodstream (59, 64, 100) . This is important because not all therapeutic regimens, including chloroquine and quinine, are effective at eradicating gametocytes, and some, especially sulfa-containing regimens, may actually induce gametocytemia (74, 94) . Persistent low-level parasitemia, including levels below the threshold of microscopic detection (Table 1) , may also produce positive antigen test results (8) . The impact of the blood source (mixed-capillary sample obtained by finger stick versus venous sample obtained by phlebotomy) on the ability to detect circulating parasites and antigen has been evaluated rigorously, with no significant impact on HRP-2-based and aldolase-based test performance observed (60) .
Among the major issues with MRDT trial design are the methodology and accuracy of the "gold standard" comparator during the trial. Although microscopy is typically the appropriate comparator for field trials, detailed methods of microscopic evaluation and microscopist assessment and certification have rarely been included in published papers. Given the demonstrated potential for inconsistency among microscopists (25, 42, 43) , all smears should be interpreted by more than one microscopist blinded to both the MRDT results and the findings of the other microscopist(s), with a defined system to evaluate discordant results between the microscopists. Experts should be selected based upon predetermined qualification standards (70) . In laboratory-based testing, a liquid-phase enzyme-linked immunosorbent assay using antibodies targeted to the same antigen as the MRDT may be the best method to assess the lateral-flow device (68) . PCR may be used as a reference standard, but it is also subject to technical limitations, is expensive, and requires standardized protocols and validation of the specific protocol used in a given trial. For these reasons, PCR is not generally accepted as the "gold standard" for malaria diagnosis.
Historical experience shows that commercially distributed diagnostic products commonly undergo manufacturing and/or material modifications after their initial introduction. These modifications can affect test properties, creating the anomaly that two products, bearing the same name and produced by the same manufacturer, may behave differently in both operational and performance characteristics. In order to clarify precisely which product has been evaluated, all publications reporting assay performance should specify the manufacturer, assay name, manufacturing lot, and kit numbers. Test performance characteristics are influenced by transport and storage of the diagnostic kits. These factors should be reported, particularly for evaluations of MRDTs conducted under field conditions (15, 50) . Humidity or windy conditions rapidly degrade nitrocellulose capillary flow action. While proper packaging can mitigate the degrading effects of these factors during storage, once the test kit has been removed from its packaging, it becomes rapidly vulnerable to them. Temperature and time can independently degrade MRDTs by deconjugation of the signal antibody-indicator complex, detachment of the capture antibody from the nitrocellulose strip, and unfolding of binding sites of antibodies. Positive test lines can be faint, especially at low parasite densities; recognizing them requires adequate 
INTERNATIONALLY AVAILABLE MRDTs
The WHO currently has a list of MRDT manufacturers and distributors published online (www.wpro.who.int/sites/rdt /documents). The WHO sets criteria for inclusion on this site, which include evidence of good manufacturing practices, as documented by either compliance with ISO 13485:2003 or 21 CFR 820 from the U.S. Food and Drug Administration (U.S. FDA). In addition, evidence of testing product storage temperature and shelf life must be available to the WHO. Twentythree different products meeting these criteria are currently available in the international marketplace. Of these, most have had little or no independent assessment of their performance or operational characteristics.
Currently, there is one U.S. FDA-approved MRDT product, namely, BinaxNOW Malaria (Binax, Inc., Inverness Medical Professional Diagnostics, Scarborough, ME) (Fig. 2) . This assay is based on detection of the antigens HRP-2 (for P. falciparum) and aldolase (for generic Plasmodium). Rigorous field trials using duplicate mutually blinded microscopic blood smear interpretations and including assessments of multiple manufacturing lots were performed in Thailand and Peru by the authors and their colleagues using this product (28, 60) . The larger trial revealed an overall sensitivity of 82% for the detection of any Plasmodium species (28). The overall sensitivity for detection of P. falciparum was 95%, with a sensitivity of 99% for parasitemia in excess of 1,000 parasites/l, dropping to 89% for parasitemias of 100 to 500 parasites/l of blood. The overall specificity for P. falciparum was 94% (28) . The second trial primarily assessed the utility of finger stick versus venous acquisition of blood for diagnosis (60) . When the finger stick technique was used, the assay revealed an overall sensitivity of 100% for P. falciparum and 83% for P. vivax. The specificity of the test was 89%. Per the package insert, the overall sensitivity and specificity are 95.3% and 94.2%, respectively, for P. falciparum and 68.9% and 99.8%, respectively, for P. vivax (Table 4 ). The BinaxNOW Malaria assay is capable of detecting P. malariae and P. ovale, but   FIG. 2 . Example of the only U.S. FDA-approved MRDT product, BinaxNOW Malaria (Binax, Inc., Inverness Medical Professional Diagnostics, Scarborough, ME (note that the package design has changed from the pictured version)). This assay is based on detection of the antigens HRP-2 (for P. falciparum) and aldolase (for generic Plasmodium). Per the package insert, the overall sensitivity and specificity are 95.3% and 94.2%, respectively, for P. falciparum, and 68.9% and 99.8%, respectively, for P. vivax. insufficient numbers of samples with these parasites have been tested to provide any conclusions about its sensitivity, specificity, or parasitemic thresholds of detection for them. Assay results for the detection of P. falciparum and P. vivax were equivalent whether the blood sample used was obtained by phlebotomy or by the finger stick method (Table  4 ). This assay was subjected to extensive testing to detect possible cross-reactions with other infections associated with fevers, especially those in tropical regions of endemicity. No such cross-reactions were observed (BinaxNOW Malaria package insert [http://binax.com/uploads/binaxnowmalaria -productinsert6_2007.pdf]).
The BinaxNOW Malaria test is U.S. FDA approved for use only in laboratories that have or can acquire blood samples containing P. falciparum for use as a positive control. This test is intended for use only in the evaluation of symptomatic patients, and negative results should be confirmed by microscopic examination of thick and thin smears. The package insert notes, correctly, that the assay cannot distinguish a singlespecies malaria infection from a mixed infection. The kits are stable when stored between 2 and 37°C prior to the imprinted expiration date.
The limitations of the BinaxNOW Malaria test include decreased sensitivity at lower levels of parasitemia, potentially yielding false-negative results in nonimmune patients with low levels of parasitemia, "false"-positive test results when gametocytes are present but asexual-stage parasites have been eradicated by therapy, and "false"-positive test results after therapy due to detection of persistent HRP-2 antigenemia despite parasite clearance. The assay's detection of persistent antigenemia after parasite clearance precludes using the test to monitor the response to therapy, particularly in cases of malaria due to P. falciparum. The assay detects the overall antigen load qualitatively and, unlike microscopic examination of blood smears, cannot offer a quantitative assessment of the level of parasitemia, a factor relevant to management decisions. False-positive test results may occur in blood samples containing rheumatoid factor (4 of 50 rheumatoid factor-positive samples yielded false-positive BinaxNOW Malaria test results). Another limitation is that the test is not currently approved for point-of-care use by individual clinicians or patients themselves, a limitation that might hinder the ability to obtain rapid results to guide immediate therapy. Many of these limitations affect other MRDTs which are under development or currently available, especially those that detect HRP-2.
Performance characteristics of other selected MRDTs, segregated by antigen target, are listed in Table 5 . Listed studies included a well-described process for comparator testing, either microscopy or PCR, and specific product information.
Overall, it appears that MRDTs using HRP-2 are generally more sensitive than MRDTs detecting P. falciparum-specific PLDH. However, the diagnostic accuracies of assays detecting PLDH and aldolase for non-P. falciparum infections appear comparable, based on the limited data available. . The international community has recognized that MRDTs are being used at almost every level of the health care system. In addition, others, and now the WHO, have recognized that the lack of quality control for diagnostic devices in the marketplace has hampered the assessment of the best implementation practices in the public health infrastructure (7) .
CURRENT STATE OF EFFECTIVENESS OF

Diagnosis of Symptomatic Persons in Health Care Settings
The large majority of published studies have evaluated MRDTs in health care settings where trained personnel performed the assay and microscopy. The tests perform optimally in this setting and in the targeted patient population with febrile illness, as summarized in Table 5 . There are far fewer data on test performance for children, but limited studies have shown no effect of age on MRDT performance (28) . Among pregnant women with possible P. falciparum malaria, placental sequestration of parasites can reduce the sensitivity of microscopic diagnosis; however, HRP-2 is still detectable in peripheral blood samples (50) . HRP-2 MRDTs show a higher sensitivity for this population than does microscopy (50) . Notably, placental malaria infections detected by MRDTs using peripheral blood were associated with a lower median birth weight (89) . The ability to detect placental infection by antigen detec- Listed studies include a well-described process for comparator testing, either microscopy or PCR diagnosis, and specific product information. NA, not available. An unresolved issue concerns the diagnostic testing of young children with clinical illnesses compatible with malaria in regions where P. falciparum greatly (Ͼ90%) predominates, such as sub-Saharan Africa. In such falciparum malaria-predominant regions, the WHO currently recommends parasitological confirmation of the diagnosis of malaria as part of malaria case management in all cases except those of children under 5 years old (109, 110) . The WHO considers the risk of failing to treat such children with false-negative tests greater than the drawbacks of empirical therapy, even with relatively expensive ACTs. The results of a recently published analysis are in contrast to this WHO position on testing of young children, though. Using a decision tree model to evaluate the impact of introducing MRDTs for the diagnosis of febrile children under the age of 5 years in sub-Saharan Africa, this analysis demonstrated that an MRDT with 95% sensitivity for parasitemia of Ն500/l and 95% specificity could avert over 100,000 malariarelated deaths and about 400 million unnecessary treatments (75) . The key to gaining this improvement in outcomes was the much wider availability of an MRDT leading to a marked increase in access to the population.
The potential for MRDTs to give false-negative results in testing samples with low but clinically relevant levels of parasitemia is noted above. The improved sensitivity of MRDTs as antigenemia and, in rough proportion, parasitemia increase suggests that MRDTs using blood samples obtained serially over 24 to 48 h might permit diagnosis even for patients whose initial test results were negative. This model of serial testing has long been used for microscopic examination of blood smears from patients for whom suspicion of malaria remains after a negative initial examination (102) . Even with such serial testing using MRDTs, however, expert microscopy would still be helpful to determine the species and the level of parasitemia.
Diagnosis by Nonlaboratory Personnel
The low complexity of MRDTs invites their use by village workers without formal medical laboratory training, or even by travelers for self-diagnosis and treatment. Few studies using current products report the field effectiveness in these settings, but available evidence suggests that HRP-2-based MRDTs can be employed successfully by village volunteers with minimal training (12) . Emergency self-diagnosis of travelers or the application of relative/buddy testing of travelers who do not have access to medical attention within 24 h of symptom onset might seem to be candidates for these strategies. Some products (e.g., OptiMal-IT and DiaMed AG) are packaged for individual use and include a lancet, which is ideal for use in this setting. Data on acceptance and test performance for self-diagnosis by travelers is limited, but as a proof of concept, Behrens and Whitty evaluated the ICT Malaria Pf test (an HRP-2-only test which is no longer available; ICT Diagnostics, Sydney, Australia) on 153 symptomatic volunteers who presented to the Hospital of Tropical Diseases in London, United Kingdom (5). Seventyfive percent of symptomatic volunteers felt that the instructions were easy to follow, and 84% felt that they were easy to interpret. Compared to microscopy, the subject's test results showed a sensitivity and specificity of 97% and 95%, respectively. However, in another study, among travelers presenting with fever in Kenya, only 68% of persons were able to perform and interpret the kit accurately, with 10 of 11 with malaria failing to diagnose themselves correctly (39) . Some studies have alluded to difficulties experienced by travelers in following the instructions, interpreting the results, and obtaining blood (105) . Training and practice with good visual aids prior to travel were recommended. More data are clearly needed before any recommendations can be made concerning such self-or buddy testing with MRDTs.
Prevalence Surveys of Asymptomatic Persons
Historically, malaria prevalence surveys have been conducted using field microscopy as the diagnostic method. These studies typically suffer from microscopy's lack of sensitivity for detecting the low parasitemias of asymptomatic carriers (18, 57, 85) . While MRDTs would reduce logistical challenges in these studies, their parasitemia threshold of detection does not appear to be sufficiently low to be useful for asymptomatic screening (19, 57, 85) .
Monitoring Treatment
As mentioned above, the HRP-2 antigen is known to possibly persist at detectable levels for more than 28 days, well after the symptoms have disappeared and the asexual-stage parasites that cause disease have been cleared from the patient's blood (44, 100) . Aldolase and PLDH rapidly fall to undetectable levels after initiation of effective therapy, but all of these antigens are expressed in gametocytes, which may appear after the clinical infection is cleared (64) . Therefore, none of these assays is useful for monitoring the response to treatment. Microscopy remains the test of choice for this purpose.
Diagnosis of Falciparum Malaria Remote from Acute Infection
In some cases, empirical treatment may have been started or death may have ensued before the diagnosis of falciparum malaria has been established. In this setting, the persistence of HRP-2 and its abundance in the plasma fraction allow MRDTs to make this diagnosis remotely. No formal studies comparing sensitivities in plasma and whole blood have been performed, but the test performances have been similar in our experience (R. S. Miller). The diagnosis of P. falciparum has been made on blood samples obtained 14 to 21 days after resolution of the febrile illness, at postmortem assessments (88) , and even from mummified tissue (58) . (13) . There have been evaluations of other techniques for screening blood donor units for malaria (87) . For malaria detection, high-throughput detection cannot be achieved with microscopy of Giemsa-stained thick and thin smears or readily with individually packaged MRDTs (46) . Current antigen detection and nucleic acid amplification methods have too high of thresholds of detection to detect individuals with very low parasitemias (84) . Plate enzyme immunoassay technology for detection of malaria antibodies has shown the most promise for this purpose (46, 47) . In summary, MRDTs cannot yet be used safely to exclude parasitemia in prospective blood donors.
Blood Donor Screening
SELECTION OF AN MRDT
Although many products are available, selection of a specific MRDT must take into consideration the malaria epidemiology in the region of the world where it will be used, the expected health benefit from use of the device, a plan for how to use the results provided by the device, the ability to monitor the accuracy of the device, whether the environmental conditions in which the test is operated will degrade its performance, supply and distribution, product stability during storage and transport, shelf life, training needed by the test operators, and finally, the cost of use. Health care services will have to develop laboratory strategies that will determine the best device to be used in their clinical settings, based upon expected species of infection, level of parasitemia, and treatment paradigms. The following criteria should be used to choose an MRDT: the malaria epidemiology, species to be detected (P. falciparum only or all species), and sensitivity and specificity requirements for the patient population; product stability based upon the intended conditions of use and storage (shelf life, temperature stability, and humidity stability); ease of use, including the format of the test; requirements for posttreatment testing of patients; and cost, which includes training and quality control. Clearly, more effectiveness studies are needed.
Choosing the correct MRDT for use in malaria control and treatment programs should be influenced by the epidemiology of malaria in the area to be served. In sub-Saharan Africa and lowland Papua New Guinea, where infections occur predominantly or solely with P. falciparum (i.e., Ͼ90%), use of an assay that detects P. falciparum alone may be clinically sufficient and more cost-effective. It is of concern that in these P. falciparumpredominant regions, 1 to 10% of malaria patients may be coinfected with another species, possibly including relapsing malarias that might require warranted treatment with primaquine (93) . In situations like this, resources and the importance of detecting the other species will influence the MRDT chosen. In areas of endemicity in Asia and the Americas, as well as isolated areas in Africa such as the Ethiopian highlands, where falciparum and non-falciparum malaria parasites cocirculate, typically occurring as single-species infections, or in regions where P. vivax predominates, use of an MRDT that can detect both falciparum and non-falciparum malarias, and distinguish between them, is warranted (109) .
Although the burden of malaria is in countries where it is endemic, many persons are exposed to the disease while traveling to these areas but are not diagnosed until returning to their country of origin. There were roughly 842 million international travelers in 2006, with common travel destinations including regions of malaria endemicity (www.world-tourism .org). In the United States in 2005, the CDC received 1,528 reports of malaria cases, of which 7 were fatal (103) . On the basis of estimated volume of travel, the highest estimated case rates are among travelers to West Africa. Almost 50% of travel-associated cases were due to P. falciparum, while 24% were caused by P. vivax. In addition, personnel who work or are deployed overseas as part of military service can develop malaria upon return (16, 76) . Laboratory personnel testing clinical samples from such patients often lack experience in microscopic diagnosis of malaria, so the use of an MRDT could improve the initial diagnosis of malaria and provide more rapid results (99) . This strategy has been used in screening immigrants moving from regions of endemicity to regions where malaria is not endemic (96) . A large meta-analysis of rapid tests for malaria in travelers suggested that MRDTs may be effective adjuncts to microscopy in centers without expertise in tropical medicine but that expert microscopy is still needed for species identification and confirmation (54) .
CONCLUSIONS
Malaria is a life-threatening infection with a global impact extending from the most developed countries to regions of the world with only the most basic of health care infrastructure. The increased burden of disease, the emergence of resistance to antimalarial agents, and now the deployment of expensive ACTs into regions where malaria is highly endemic are increasing the need for rapid, accurate diagnosis of patients who may be infected with malaria. At this time, selection of a quality manufactured MRDT selected based on the malaria epidemiology and clinical situation will improve malaria diagnosis. Attention to product stability in tropical climates, the logistics of product acquisition, shipment, and storage, to include a "cool" chain protecting the product from exposures to temperature extremes, and the performance and operational limitations of the specific assay are all required. Some products among the current generation of antigen detection diagnostics perform sufficiently well to achieve clinical utility. Given the absence or poor execution of microscopy, especially in some areas where malaria is highly endemic, alternative diagnostic strategies are needed today. If there is no diagnostic support, MRDTs should serve as the only test introduced into the region. Where quality microscopy is available, then microscopy and MRDTs can run in parallel, with MRDTs providing a rapid or screening diagnosis and microscopy reserved for resolution of confusing cases, verification of negative results where the pretest probability of malaria seemed high, and overall quality control of the MRDT program. Although there is now a U.S. FDA-approved MRDT, MRDTs continue to have limitations, notably including an inability to detect mixed infections, inability to distinguish every species of Plasmodium, failure to detect infections with low but clinically relevant concentrations of parasites, and limited ability to monitor responses to therapy. In the case of the U.S. FDA-approved MRDT, the granted regulatory clearance includes the requirement that negative results by the MRDT be confirmed by microscopy (http://www.fda.gov/cdrh/pdf6/K061542.pdf). These various considerations show that MRDTs, although an important advance, have not yet eliminated the need to perform microscopic examination of stained blood smears and to maintain expertise in the varied skills required to do so accurately.
